In this article, a novel tandem reaction, which transforms N-(4,4-diethoxybutyl)imines into 3-arylidene-1pyrrolines, is described. The substrate scope of the starting acetals includes arenes with electron-donating and withdrawing groups. The X-ray study of products confirmed the E-stereochemistry of the double bonds formed. The best yields (99%) are found in boiling xylene in the presence of TsOH (or 2-nitroresocinol) during 40 (50) hours. The study of substituents effect on the course of the reaction revealed that cascade process takes place, combining acid-catalyzed intramolecular cyclization of N-(4,4diethoxybutyl)imines and unusual 1,3-sigmatropic shift of the aryl fragment. Cyclic imines that are formed in high/excellent yields are of interest both from the viewpoint of their biological activity and synthetic usefulness.
Introduction
A pyrrolidine core is involved in many known drug preparations, 1,2 as well as biologically active natural compounds, and the development of the methods for the synthesis of these compounds is an everlasting challenge for synthetic organic chemists. 1, 3, 4 Most of the strategies for the synthesis of substituted pyrrolidines employ intramolecular C-N bondforming reactions for the construction of the heterocyclic ring. 5, 6 Development of methods of synthesis of substituted pyrrolidines via one-pot heterocyclic ring closure with the simultaneous formation of an exocyclic carbon-carbon bond still remains a major challenge. Imines represent one of the classes of starting compounds widely used in these reactions. As an example, the synthesis of pyrrolidine derivatives by the intramolecular Mannich reaction of 2-amino-4-nitrobutyric 7 and gaminobutyric acids 8, 9 and cyclization of N-(3-chloropropyl)imines in the presence of lithium 10 can be mentioned. In these reactions, imines act as electrophiles, which represent the counterparts of carbonyl compounds. At the same time, the presence of nucleophilic nitrogen atom with lone electron pair provides their reactions with electrophilic particles, as exemplied by the formation of acyliminium salts. 11, 12 Examples of such intramolecular reactions, which give rise to pyrrolidine ring, is the acid-mediated cyclization of N-(1-phosphoryl-4-chlorobutyl)imines 13 and cyclization of g,d-alkenylimines under the action of electrophilic reagents. [14] [15] [16] [17] An approach to the synthesis of proline derivatives from ketals and acetals of 2-((diphenylmethylene)amino)-5oxopentanoic and 2-((diphenylmethylene)amino)-5-oxohexanoic acids under the action of triuoroacetic acid described in the recent work should particularly be mentioned. 18 However, very few of these methods allow for simultaneous intramolecular C-N bond formation and intermolecular formation of a carbon-carbon bond. [19] [20] [21] [22] Existing methods require harsh reaction conditions or toxic or expensive reagents, such as Pd complexes. 23 There is the only example of synthesis of a-substituted pyrrolidine via reaction of 1-(4-oxobutyl)urea derivative with thiophenol in acidic media. 24 We have recently developed a new approach to the synthesis of substituted heterocyclic systems from nitrogen-containing acetals, which is summarized in reviews. 25, 26 This approach is based on the combination of two processes, namely, intramolecular cyclization of the starting acetal to give heterocyclic ring and further intermolecular functionalization of the intermediate. Using this approach, we succeeded in the synthesis of imidazolidine-2-one 27 and 2-arylpyrrolidine derivatives 28 with various substituents at nitrogen atom (Scheme 1A). Intermediate compound in these reactions was cyclic iminium cation, whose reaction with aromatic nucleophile afforded corresponding aryl-substituted heterocycles. In the frames of this work, we assumed that the application of N-(4,4-diethoxybutyl)imines to these reactions would also lead to the formation of cyclic iminium cations. The presence of two different electrophilic centers and nucleophilic aryl fragment in the compound would open possibilities for various intramolecular processes and, thus, for the synthesis of 3-substituted pyrrolidine derivatives (Scheme 1B).
Herein, we report the results of our studies on the acidcatalyzed cyclization of N-(4,4-diethoxybutyl)imines. The mechanism of pyrrolidine ring formation in this case appeared to be different from the mechanism we previously proposed. 27 It turned out that new cascade reaction takes place, which combines acid-catalyzed intramolecular cyclization of N-(4,4diethoxybutyl)imines followed by unusual 1,3-sigmatropic shi of aryl fragment. The result of these cascade transformations is the formation of 3-arylidene-1-pyrroline derivatives (Scheme 1C).
Results and discussion
We have initially studied intramolecular cyclization of N-(4,4diethoxybutyl)-1-phenylmethanimine 1a (R ¼ Ph) in the presence of triuoroacetic acid (Scheme 2). The product of this reaction was (E)-3-phenylidene-1-pyrroline 2a, which was isolated as triuoroacetate in 56% yield. Until recently, the only method for the synthesis of these compounds was the reaction of benzaldehyde derivatives with 1-pyrroline 29 or pyrrolidine. 30 In the next step, we studied the effect of aromatic substituent on the course of this reaction (Scheme 2). Initial imines 1a-r were prepared from corresponding aldehydes and (4,4-diethoxy) butane-1-amine (see ESI †). The results are summarized in Table 1 .
The introduction of electron donor substituent at p-position of aromatic fragment slightly increases the yield of products (E)-2b,c,f,n ( Table 1 , entries 2, 3, 6, 14). An exception is compound (E)-2h (Table 1, entry 8) bearing dimethylamino group at p-position. This is presumably related to the protonation of nitrogen atom in acidic medium, which changes its behavior from electron donor to electron acceptor. The presence of electron acceptor nitro groups at p-position (Table 1, entry 7) or halogens (Table 1 , entries 4, 5) gives a slight decrease in the yield of pyrrolines (E)-2d,e,g, in analogy with the presence of halogens at m-position of aromatic ring (Table 1 , entries 9, 10). In this case, the yield of m-and p-substituted products is comparable. In contrast, the introduction of electron donor hydroxy group at o-position leads to the drastic decrease in the yield of products (E)-2k,l as compared to their p-substituted counterpart (E)-2f ( 
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the data, the substituents at p-and m-positions of phenyl fragment affect weakly the yield of target compounds. The presence of substituents at o-position restricts the reaction, though in this case target compounds can be prepared in reasonable yields. However, with the substitution of hetero-and polyaromatic fragments for phenyl, target compounds are not observed ( It should also be noted that exclusively (E)-isomers of compounds 2a-r were obtained and no (Z)-isomers were detected in either case. The structure of the compounds was proved by two-dimensional spectroscopy data; in addition, the structure of compounds (E)-2a,b,i was conrmed by X-ray study (Fig. 1) . In all crystals practically planar 3-aryliden-1pyrrolinium cations (deviation from plane 0.046(2)Å in 2a, 0.033(2)Å in 2b and 0.084(7)Å in 2i) are associated with the triuoroacetate anion by classical NH/O hydrogen bonds (distances N/O are 2.698(3)Å in 2a, 2.694(4)Å in 2b, and 2.688(9)Å in 2i).
Further we discovered that pyrrolinium salts 2a-r undergo slowly (E)-(Z) isomerization in solution. This isomerization was studied in more detail using compounds 2k as an example. Isomeric structure of compound 2k was determined by the set of homo-and heterocorrelation experiments ( 1 H-1 H COSY, 1 H-13 C HSQC, 1 H-13 C HMBC, 31, 32 and 1D DPFGNOE 33 ). Initially proton spin systems were established from 1 H-1 H COSY experiment. Then, the entire structure of fragments and their relationship was determined by the combination of 1 H-13 C HSQC/HMBC correlations. Unambiguous assignment of the signals of (E) and (Z) forms was made on the basis of observed nuclear Overhauser effects (NOEs) (Fig. 2 , key NOEs are indicated by arrows).
At the same time, by using of 2a,d,n we showed that as free base the compounds are stable in (E)-form for a long time. In accordance with these data, we suggest that the key factor for (E)-(Z) isomerization of 1-pyrrolines 2 is the presence of positive charge at nitrogen atom (Scheme 3). It should be noted that analogous (E)-(Z) isomerization of 3-arylidene-1-pyrrolidines under UV irradiation is mentioned in the literature. 29 In the next step of investigations, we studied the effect of reaction conditions and catalyst in the case of imine 1a ( Table 2) .
As follows from table, the reaction at room temperature in the presence of 1 equiv. of triuoroacetic acid allows isolating the target compound in 56% yield ( Table 2 , entry 1). According to NMR spectroscopy data, the competitive hydrolysis of initial imine 1a is observed. The use of stronger p-toluenesulfonic acid at 0.01 equiv. of the amount of initial imine gave only trace amounts of compound 2a ( Table 2, entry 3 ). An increase in the temperature and time of reaction resulted in a signicant increase in the amount of the product (Table 2 , entries 4, 5). The reaction does not proceed without catalyst even aer long-term heating at elevated temperatures (Table 2, entry 2). Fig. 1 The molecular structure of compound 2b*CF 3 COOH. Ellipsoids are provided with a probability of 50%. We also studied the possibility of this reaction in the presence of weak acids. Long-term heating of imine 1a in the presence of benzoic acid afforded target compound 2a in 60% yield ( Table 2 , entry 8). During the reaction in acetic acid, the content of pyrroline 2a in the reaction mixture decreases regardless of the temperature of reaction (Table 2 , entries 6, 7). It is interesting that the employment of 2-nitroresorcinol as a catalyst gives the target compound almost quantitatively according to NMR spectroscopy data. Nevertheless, we did not succeed in the complete purication of the product of reaction from catalyst in this case ( Table 2 , entry 9). The use of heterogeneous catalyst represented by acidic aluminum oxide provided the isolation of individual pyrroline 2a in 50% yield ( Table 2 , entry 11). The reaction in boiling o-xylene in the presence of 0.1 equiv. of p-toluenesulfonic acid was most optimal (Table 2, entry 10). Target (E)-3-phenylidene-1-pyrroline 2a was isolated in 81% yield in this case.
The proposed mechanism of the reaction is given in Scheme 4. According to scheme, the rst step of the reaction is the protonation of nitrogen atom with the formation of iminium salt A. Subsequent elimination of ethanol molecule leads to enol derivative B. Further intramolecular cyclization with pelectrons of double C]C bond gives cyclic intermediate C. The combination of these steps can be considered intramolecular Mannich reaction, which is analogous to the previously described cyclization of imines of g-aminobutyric acid under the action of Lewis acid. 8 In the next step of reaction, intermediate D is formed as a result of [1, 3] -sigmatropic rearrangement, which is accompanied by the migration of aryl fragment. The driving force of this rearrangement is presumably the formation of more stable iminium cation. It should be noted that the reactions accompanied by 1,3-migration of phenyl group are quite rare. Until recently, only one example of 1,3-migration of phenyl group in pyrrole derivatives is known. 34 In the nal step of reaction, (E)-3-arylidene-1-pyrroline 2 is formed through the elimination of ethanol molecule.
It was already mentioned that nitrogen atom in imines may act as nucleophile in the reactions with carbocations. Assuming this fact, the formation of compounds 2 can be rationalized by acid-catalyzed intramolecular cyclization of N-(4,4-diethoxybutyl)imine 1 with the formation of 1-pyrroline and benzaldehyde derivative 18 (Scheme 5A). The similar pathway includes initial N-(4,4-diethoxybutyl)imine 1 hydrolysis followed by intramolecular cyclization of 4,4-diethoxybutan-1amine (Scheme 5B). The last stage of both processes is the previously described 29,35 reaction of 1-pyrroline with aldehyde.
To make a nal decision among these mechanisms, we rst studied the possibility of formation of 1-pyrroline from 4,4diethoxybutan-1-amine according to the Scheme 5, pathway B. It was shown that 4,4-diethoxybutan-1-amine does not undergo intramolecular cyclization in reaction conditions, regardless of the solvent, catalyst used and its amount.
Further, we investigated the reaction of 1-pyrroline with benzaldehyde. The previously described 36 pentadecane) was used to generate 1-pyrroline in situ. Although the reaction of this compound with aromatic aldehydes in neutral conditions is described, 29, 35 no data is present on its acid-catalyzed variant. We carried out this reaction in chloroform at room temperature at the presence of 1 eq. of triuoroacetic acid and in reuxing o-xylene with 0.1 eq. of ptoluensulfonic acid as catalyst. In both cases reaction resulted in a complex mixture of products and only traces of target 3arylidene-1-pyrroline 2a was observed.
Additionally, we tried to exclude the possibility of N-(4,4diethoxybutyl)imine 1 cyclization according to the Scheme 5, pathway A. In line with this mechanism, the presence of the lone pair at nitrogen atom is a necessary condition for the reaction to occur. Thus, we have decided to study the intramolecular cyclization of iminium salt 3, which has no lone pair at nitrogen atom. However, treatment of the compound 1a with methyl iodide in acetonitrile at room temperature surprisingly led to the formation of 1-pyrroline derivative 4. Reaction proceeded in almost quantitative yield even without acid catalyst (Scheme 6). Although the NMR spectrum of the reaction mixture showed the presence of iminium salt 3 alongside with compound 4 and starting acetal 1a, we didn't succeeded in isolation it in pure form due to its rapid intramolecular cyclization.
It is evident that in this case, that the implementation of the latter reaction mechanism is impossible and the data obtained so far indicate the mechanism of the formation of 1-pyrrolines 2 depicted in Scheme 4.
It should be noted that 3-arylidene-1-pyrroline salts 2 can be considered intermediate compounds in Mannich reaction. To demonstrate their synthetic potential, we carried out the reaction of compounds (E)-2a,d with acetone and 4-chlororesorcinol, respectively, and 2-substituted pyrrolidine derivatives 5,6 were prepared (Scheme 7).
The structure of compound 6 was additionally conrmed by X-ray study (Fig. 3) . The structure of the cation in this compound is not planar due to the quaternization of the nitrogen atom. Anion and cation are binded by hydrogen bond. The crystal structure is formed by hydrogen bonds between cations and anions, and represents innite chains along the axis 0a, connected by CH/O interactions.
